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Abstract 
In this review, we focus on the kinesin-3 family molecular motor protein UNC-104 and its 
regulatory protein ARL-8. UNC-104, originally identified in Caenorhabditis elegans (C. 
elegans), has a primary role transporting synaptic vesicle precursors (SVPs). Although in vitro 
single-molecule experiments have been performed to primarily investigate the kinesin motor 
domain, these have not addressed the in vivo reality of the existence of regulatory proteins, 
such as ARL-8, that control kinesin attachment to/detachment from cargo vesicles, which is 
essential to the overall transport efficiency of cargo vesicles. To quantitatively understand the 
role of the regulatory protein, we review the in vivo physical parameters of UNC-104-mediated 
SVP transport, including force, velocity, run length and run time, derived from wild-type and 
arl-8-deletion mutant C. elegans. Our future aim is to facilitate the construction of a consensus 
physical model to connect SVP transport with pathologies related to deficient synapse 
construction caused by the deficient UNC-104 regulation. We hope that the physical parameters 
of SVP transport summarized in this review become a useful guide for the development of such 
model. 
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Introduction 
Kinesin is a molecular motor protein that moves to the plus-end of polarized microtubules, a 
component of the cell cytoskeleton, by obtaining energy from adenosine-triphosphate (ATP) 
hydrolysis. The role of kinesin in eukaryotic cells is mainly to deliver cargo vesicles in an 
anterograde direction as a porter along microtubules spread throughout cells. Kinesin plays a 
particularly significant role in neurons, where microtubules are used as railways to convey 
synaptic materials from the cell center to the terminal synaptic regions via a long axon 
(Hirokawa et al. 2009; Vale 2003).  
Physical models focusing on the motion of the kinesin motor domain and how force 
is generated as a result of ATP hydrolysis have been suggested (Hancock 2016; Hancock and 
Howard 1999; Kanada and Sasaki 2013; Peskin and Oster 1995; Sasaki et al. 2018) based on 
the results of in vitro single-molecule experiments (Nishiyama et al. 2002; Okada et al. 2003; 
Schnitzer et al. 2000; Tomishige et al. 2002; Vale et al. 1996; Visscher et al. 1999). However, 
these models do not completely explain the phenomenon of in vivo cargo transport, for which 
physical evaluations, such as force measurements, remain under development due to the 
complexity of the intracellular environment. Because the roles of kinesins in neurons are 
important to many neuronal processes (Hirokawa et al. 2009), and kinesin deficiency is related 
to neuronal diseases, such as Alzheimer’s disease and Parkinson’s disease (Chiba et al. 2014; 
Encalada and Goldstein 2014), physical models of in vivo cargo transport need to be studied in 
order to quantitatively understand the molecular basis of neuronal diseases. To this end, in vivo 
measurement of physical parameters associated with cargo vesicle transport needs to be 
summarized.  
       A critical difference between in vivo and in vitro analysis of kinesin-mediated transport 
is the existence of regulatory proteins that control cargo transport (Fig. 1a). Because these 
regulatory proteins control the attachment and detachment of kinesin motors with cargo 
vesicles, a key physical parameter describing in vivo cargo transport is the “number” of kinesins 
cooperatively carrying a single cargo vesicle (Fig. 1b). Notably, maintaining an appropriate 
number of motors per cargo vesicle is important for healthy neuronal activity.  
Recent studies proposed a measurement method to quantify the number of motors per 
cargo unit in vivo using the fluctuation unit () (Hasegawa et al. 2019; Hayashi 2018; Hayashi 
et al. 2018a; Hayashi et al. 2018b). The fluctuation unit (), inspired by the fluctuation theorem 
of non-equilibrium statistical mechanics (Ciliberto et al. 2010; Evans et al. 1993; Seifert 2012), 
was used to quantify force applied to cargo vesicles. Then, because the motor protein generates 
force acting on a cargo, the number of motor proteins can be estimated from force values. The 
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results of these experiments revealed that several motor proteins cooperatively carry a single 
cargo vesicle, with measurement of fluctuation units () as a force indicator enabling 
investigation of cargo transport in relation to the number of involved motor proteins. 
In this review, we summarize the physical parameters, including the number of motors,  
derived from previous studies (Hayashi et al. 2018a; Niwa et al. 2016) in order to evaluate 
regulatory systems involving in vivo cargo transport. Specifically, we focus on synaptic vesicle 
precursor (SVP) transport in the motor neurons of Caenorhabditis elegans (C. elegans), which 
enables green fluorescent protein (GFP)-tagged SVPs to be visualized in the living organism 
by fluorescence microscopy. Therefore, this represents a true in vivo cargo-transport system 
appropriate for the measurement of kinesin-related characteristics in a complex biological 
environment. Additionally, this system allows evaluation of SVP anterograde transport by one 
kinesin (UNC-104), whereas mammalian neurons use several kinesins to transport SVPs. 
 In the following sections, we introduce UNC-104 and its associated regulatory 
mechanisms in C. elegans motor neurons. We then present the results of physical measurements 
involving UNC-104-mediated SVP transport and compare them between wild-type (WT) and 
mutant C. elegans lacking a primary regulatory protein responsible for UNC-104 activity. 
Furthermore, we describe synapse mislocation caused by deficient UNC-104 regulation and 
present future perspective, which focus on the development of a physical model to potentially 
explain synapse mislocation as a function of the basic physical parameters involved in UNC-
104-mediated SVP transport.  
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UNC-104 function and regulation  
Here, we describe UNC-104 function involving SVP transport along microtubules, as well as 
its autoinhibition, regulated by ARL-8. Additionally, we describe fluorescence observation of 
UNC-104-mediated SVP transport in axons to allow analysis of UNC-104 motion.  
  
UNC-104 characteristics 
UNC-104 is a member of the kinesin-3 family of motor proteins originally identified by genetic 
analysis of C. elegans. UNC-104-mediated SVP transport was determined in unc-104 mutant 
organisms, in which accumulation of synaptic vesicles was observed within cell bodies 
accompanied by dysfunctional synapse localization (Hall and Hedgecock 1991; Otsuka et al. 
1991). Previous studies show that the UNC-104 homologs KIF1A and KIF1B transport SVPs 
in mammalian neurons (Niwa et al. 2008; Okada et al. 1995; Zhou et al. 2001), and that their 
tail domains bind to cargos when they transport SVPs (Klopfenstein and Vale 2004; Niwa et al. 
2008) (Fig. 2a and 2b). Although it was proposed that UNC-104/KIF1A could undertake 
processive movement as a monomer according to in vitro single-molecule experiments (Okada 
et al. 2003), the protein is considered to function as a dimer in in vivo (Tomishige et al. 2002).  
 
UNC-104 autoinhibition  
Several studies demonstrated UNC-104 inactivation via an autoinhibitory mechanism thought 
to be required to avoid unnecessary cargo transport, as well as avoid unnecessary ATP 
hydrolysis in neurons, in situations where kinesin motors do not bind cargo (Verhey and 
Hammond 2009). UNC-104 contains four coiled-coil (CC) domains (Fig. 2b) (Hammond et al. 
2009), with the neck CC domain (NC) essential for formation of a stable dimer. The CC1 and 
CC2 domains are thought to negatively regulate the activity of the motor domain, and the CC3 
domain binds the small GTPase ARL-8 (Niwa et al. 2016; Wu et al. 2013). A recent structural 
study shows that the CC1 domain directly binds to the motor and NC domains in order to 
inhibit dimerization and motility; however, it remains unknown how the CC2 domain 
negatively regulates motor activity.    
A recent study described UNC-104 autoinhibition (Niwa et al. 2016) (Fig. 3). ARL-8, 
an SVP-bound arf-like small GTPase related to UNC-104, is essential for axonal transport of 
SVPs (Klassen et al. 2010) and directly binds to the UNC-104 CC3 domain in order to negate 
its autoinhibition (Niwa et al. 2016; Wu et al. 2013). Notably, ARL-8 is not required for UNC-
104 binding to SVPs according to autoinhibition-defective UNC-104 mutants, which retain 
vesicle-binding ability in the absence of ARL-8 (Niwa et al. 2016). Previous reports (Niwa et 
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al. 2008; Wagner et al. 2009) suggest that cargo-vesicle-bound ARL-8 binds to UNC-104 and 
releases autoinhibition by enabling binding of the tail domain to the cargo vesicle. 
Consequently, cargo binding induces dimerization (Klopfenstein et al. 2002), leading to full 
activation of UNC-104 (Tomishige et al. 2002).  
 
Fluorescence observation of synapses and UNC-104-mediated SVP transport 
SVPs in DA9 motor neurons of C. elegans can be observed by fluorescence microscopy. 
The C. elegans worms are anesthetized and fixed between cover glasses with highly 
viscous media prior to imaging in order to minimize the noise generated by fluctuations 
associated with their movement (Fig. 4a) (Hayashi et al. 2018a; Niwa 2017; Niwa et al. 
2016). SVPs were labelled with GFPs (Fig. 2a) (Niwa et al. 2016). Because many SVPs 
accumulate at synapses, where they are unloaded from UNC-104 motors, this enables 
identification of synapse location by strong bright spots proximal to axonal terminal 
regions while SVPs can be identified as weak spots moving along the axon (Fig. 4b).  
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Assumptions applied to the constant velocity segment (CVS) 
In this section, we summarize the assumptions and current model used to analyse the time 
courses of SVPs obtained by the fluorescence observation (Fig. 4) (Hayashi et al. 2018a; 
Hayashi et al. 2018b). Note that time intervals exist, during which a single SVP can be tracked 
(Fig. 5a, red arrow), despite axons being surrounded by numerous SVPs (Fig. 5a). Then, 
recorded images of fluorescence observations allow acquisition of the center position 
(X) of an SVP along an axon as a function of time (t) for anterograde transport (Fig. 5b).  
Sharp changes in velocity are often observed in studies tracking cargo vesicles 
over longer time courses (Fig. 5c and 5d) and typical of in vivo cargo transport. In this 
review, such time-dependent changes in velocity are mainly considered as a result of changes 
in the number of motors carrying each individual cargo (Fig. 6a). Notably, this mechanism is 
thought to act through the repeated stochastic attachment and detachment of motors from 
microtubules. Then, velocity change for a given cargo can be explained by a change in the 
number of motors based on the force-velocity relationship of kinesin (Fig. 6b), when the 
viscosity effect is high enough. This suggests that long time courses should be divided into 
several constant velocity segments (CVSs) when the number of motors transporting a cargo is 
an object to be measured (Hasegawa et al. 2019; Hayashi 2018; Hayashi et al. 2018a; Hayashi 
et al. 2018b).  
Finally, we impose one more important assumption on CVS that there is an 
absence of competition (tug-of-war) between kinesin and dynein (Gross 2004; Muller et 
al. 2008; Welte 2004), where dynein represents a molecular motor protein that moves 
toward the minus-end of microtubules (Vale 2003). This is supported by a recent report 
suggesting that kinesins do not undergo a tug-of-war with dynein during their movement in 
opposite directions on the microtubule (Serra-Marques et al. 2019). It is an important future 
issue to further study this assumption.   
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Measurement of the physical parameters associated with SVP transport 
This section describes the physical parameters involved in SVP transport measured in the 
previous reports (Hayashi et al. 2018a; Niwa et al. 2016), and their comparison between WT 
and arl-8-deletion mutant C. elegans (Niwa et al. 2016).     
  
Force  
In Fig. 5b, the SVP showed the directional motion transported by UNC-104 while 
exhibiting fluctuating behaviour originated mainly from thermal noise, stepping of the 
motors, and collisions of the SVP with other vesicles and cytoskeletons. We consider to 
quantify force acting on the SVP from its fluctuating behaviour.  
For each CVS (Fig. 5b), the fluctuation unit (FT) is defined as 
    
𝜒FT =
ln⁡[𝑃(Δ𝑋)/𝑃(−Δ𝑋)⁡]
Δ𝑋
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(1) 
 
where Δ𝑋 = 𝑋(𝑡 + Δ𝑡) − 𝑋(𝑡) (Fig. 5b), and P(ΔX) represents the probability distribution of 
ΔX (Hasegawa et al. 2019; Hayashi 2018; Hayashi et al. 2018a; Hayashi et al. 2018b). FT is 
introduced based on the fluctuation theorem of non-equilibrium statistical physics (Ciliberto et 
al. 2010; Evans et al. 1993; Seifert 2012). The theoretical background of Eq. (1) is explained 
in a previous reference (Hayashi et al. 2018b). 
When P(X) is fitted by a Gaussian function: 
  
𝑃(𝑋) = exp(−(𝛥𝑋 − 𝑏)2/2𝑎)/(2𝑎)0.5              (2) 
 
where the fitting parameters a and b correspond to the variance and mean of the distribution, 
respectively, χFT is practically calculated by using the quantity χ: 
 
𝜒 = 2𝑏/𝑎⁡                                        (3) 
 
In Fig. 7a, χ is calculated for each P(ΔX) for various intervals t from 10 to 100 ms. The 
converged value (χ*) is related to the drag force (F) acting on a cargo. Previous experiments 
(Hasegawa et al. 2019; Hayashi et al. 2018b) suggest that 
 
𝐹⁡⁡ ∗                                           (4) 
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The χ value for the transport of 40 SVPs in WT C. elegans (Fig. 7a, left) was compared with 
that of 40 SVPs in arl-8-deletion mutant C. elegans (Fig. 7a, right) (Hayashi et al. 2018a). 
When Eq. (4) is valid, the groups represented by the different colours in Fig. 7a are regarded 
as force producing units (FPUs). The experimental results show four FPUs for WT C. elegans 
as compared with three FPUs for mutant C. elegans (Fig. 7a). Note that when 1 FPU is 
considered to be a dimer of UNC-104, χ*∼0.05 nm-1 for 1FPU corresponds to ∼ 5 pN estimated 
from the stall force values of UNC-104 dimer (Tomishige et al. 2002). Because the small 
difference of χ* for each FPU (e.g. χ*∼0.05 nm-1 for 1FPU, χ*∼0.1 nm-1 for 2 FPUs and χ*∼0.2 
nm-1 for 3 FPUs) observed between WT and mutant C. elegans indicated that arl-8 deletion did 
not affect the force generation of UNC-104, the decreased mean value of χ* in the mutant (Fig. 
7b) was considered as a consequence of the decreased number of FPUs transporting an SVP.  
 
Number of motors 
When 1 FPU is considered to be a dimer of UNC-104, the number of FPUs represents the 
number of UNC-104 dimers. Comparison of FPUs between WT and arl-8-deletion mutant C. 
elegans (Fig. 8a) (Hayashi et al. 2018a) indicated a decrease in the proportion of 3 FPUs, 
whereas that of 1 FPU increased in the case of the mutant, with a 20% decrease in the mean 
number of FPUs between WT and mutant (Fig. 8b). This suggested that the absence of ARL-8 
decreased the number of active UNC-104 dimers capable of SVP transport.  
 
Velocity 
Comparison of the velocity during a CVS between WT and arl-8-deletion mutant C. elegans 
(n = 40 each) (Fig. 9) (Hayashi et al. 2018a) showed a slight reduction in the mutant relative 
to WT. Because both the force generated by each FPU (e.g. χ*∼0.05 nm-1 for 1FPU, χ*∼0.1 nm-
1 for 2 FPUs and χ*∼0.2 nm-1 for 3 FPUs shown in Fig. 7a), and the size of the SVPs being 
transported (Fig. 10) changed only slightly, the difference in velocity was assumed to result 
from the difference in the number of UNC-104 dimers transporting individual SVPs (Fig. 8). 
Note that velocity can depend on the number of the motors based on the model described in 
Fig. 6b.    
 
SVP fluorescence intensity 
The fluorescence intensity (FI) of SVPs is different for each SVP, representing different sized 
of the SVPs (Fig. 10a). The distribution of FI compared between WT and arl-8-deletion mutant 
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C. elegans (n = 40 each) (Hayashi et al. 2018a) suggests that SVP size was unchanged by arl-
8 deletion (Fig. 10b).  
 
Run-length and -time 
The decreased number of UNC-104 dimers transporting SVPs in the arl-8-deletion mutant C. 
elegans (Fig.8) is linked to a decrease in the run length and time (duration) of SVPs defined as 
the persistence distance and time over which an SVP continues to move without stopping (Fig. 
11a). Indeed, run length increases according to the number of kinesins (Furuta et al. 2013). The 
run length (Fig. 11b and 11d) and time (Fig. 11c and 11e) of the mutant C. elegans was shorter 
than that of the WT.     
    
Pause duration 
Comparison of pause duration, representing the time interval from SVP detachment from a 
microtubule until its subsequent attachment to another microtubule (Fig. 11a), between WT 
and arl-8-deletion mutant C. elegans (Niwa et al. 2016) was 2-fold longer for the mutant 
relative to WT (Fig. 12). Here, pauses in SVP movement are interpreted as detachment events 
from a microtubule (Fig. 11a), because axon narrowness is supposed to inhibit the diffusion of 
SVP following detachment. Because the probability of this attachment depends upon the 
number of UNC-104 dimers attached to an SVP, the pause duration should be affected by the 
molecular number of UNC-104, as well as the run length and time (Fig. 11b-11e).  
     
Anterograde current 
Anterograde current is defined as the frequency of UNC-104-mediated SVP anterograde 
transport (Niwa et al. 2016) and is 50% diminished in the mutant relative to WT (Fig. 13).     
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Measurement of physical parameters associated with synapse construction 
Here, we summarize the results of physical measurements associated with synapse 
constructions in DA9 motor neurons in C. elegans (Niwa et al. 2016) (Fig. 14). It is a future 
issue to explain the results from the physical parameters of UNC-104-mediated SVP transport 
via an appropriate physical model. 
 
Distance from the cell body to synaptic regions  
Fluorescence micrographs of the synaptic regions of DN9 motor neurons show that synapse 
location differs between WT and arl-8-deletion mutant C. elegans (Fig. 14a). Moreover, the 
distance from the cell body to the synaptic region (measured for this review based on a previous 
reference (Niwa et al. 2016)) is shorter in the mutant than in the WT (Fig. 14b). Additionally, 
it was reported that the synapses in the arl-8-deletion mutant worms localize in dendrites, as 
well as in the axons of DA9 motor neurons (Niwa et al. 2016).  
 
Distance between synaptic puncta 
Noting that the distance between synaptic puncta (Fig. 14a) characterizes synapse construction 
(Niwa et al. 2016), measurement of distance between synaptic puncta for neurons in WT and 
arl-8-deletion mutant C. elagans revealed a shorter distance in the mutant worms relative to 
that in WT worms.  
  
 
 
12 
Discussion and perspective 
This review summarizes the physical parameters associated with UNC-104 transport of SVP 
in DN9 motor neurons of C. elegans (Fig. 2a). We focused on the mechanisms by which UNC-
104 autoinhibition is released via ARL-8 (Niwa et al. 2016) (Fig. 3). These parameters 
measured in the previous studies (Hayashi et al. 2018a; Niwa et al. 2016) revealed the physical 
aspects related to SVP transport, including force (Fig. 7), the number of UNC-104 dimers 
carrying an SVP cargo (Fig. 8) and velocity (Fig. 9). We compared the parameters between WT 
and a deletion mutant of the UNC-104 regulatory gene arl-8. The results suggested that SVP-
transport ability is weakened in the absence of ARL-8 (Fig. 7-13).  
Additionally, we compared the physical parameters characterizing synapse 
construction in DA9 motor neurons between WT and mutant C. elegans (Fig. 14), with changes 
in these quantities indicating that UNC-104 autoinhibition is related to synaptic localization in 
these neurons (Niwa et al. 2016). Future construction of a physical model capable of 
quantitatively explaining these changes in synapse construction (Fig. 14) will be based on the 
physical parameters associated with UNC-104 transport of SVP (Fig. 7-13). We hope that this 
review provides a useful guide for the development of this model.  
Furthermore, this review addresses an issue reported at the Asian Biophysics 
Association Symposium 2018, specifically that defective kinesin autoinhibition is related to 
hereditary spastic paraplegia, and that this affects certain physical parameters associated with 
SVP transport; therefore, this review provided information relevant to human disease. The 
current findings suggest that the physical parameters associated with SVP transport are useful 
for understanding the molecular basis of neuronal diseases related to defective motor proteins.      
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Fig. 1 Schematics of in vivo cargo transport. (a) Examples of regulatory proteins that control 
the binding of the cargo and motor. (b) A cargo transported by multiple motors. In the 
schematics, three motors carry a single cargo.    
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Fig. 2 Schematics of SVP transport by UNC-104 in the axon of DA9 motor neuron of C. 
elegans.(a) For the fluorescence observation of SVPs (Fig. 5a), GFPs are attached to each SVP, 
allowing fluorescence-based tracking (Niwa et al. 2016). The micrograph of a C. elegans worm 
was acquired using the experimental setup described in Fig. 4a. (b) Structure of UNC-104. NC, 
CC, FHA and PH represent neck coiled-coil domain, coiled-coil domain, fork head associated 
domain and pleckstrin homology domain, respectively. PH is known to be PIP2 
(phosphatidylinositol 4,5- bisphosphate) binding domain. 
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Fig. 3 Mechanism on cargo 
binding of UNC-104 with (left) 
and without (right) ARL-8 
proposed in Ref. (Niwa et al. 
2016). (Left) UNC-104 is 
inactivated by the autoinhibition. 
Then, guanosine triphosphate 
(GTP)-ARL-8 bound to an SVP 
releases the autoinhibition. Note 
that guanosine diphosphate 
(GDP)-ARL-8 does not bind to 
SVPs. The activation of UNC-
104 induces the SVP and 
microtubule binding. Finally, 
the SVP binding induces the 
dimerization of UNC-104 
(Klopfenstein et al. 2002). 
(Right) Some UNC-104 
monomers are in the active state 
without ARL-8 as a result of the 
chemical equilibrium between 
autoinhibited and activated forms of UNC-104. These UNC-104 monomers in the active state 
can bind to an SVP.     
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Fig. 4 Fluorescence observation 
of SVPs (Hayashi et al. 2018a; 
Niwa et al. 2016). (a) Schematics 
of the cell chamber used for the 
fluorescence microscopy. C. 
elegans worms in highly viscous 
media are inserted between slide 
glasses. (b) Schematics (left) and 
fluorescence micrograph (right) 
of DA9 motor neuron of a C. 
elegans worm. Because many 
SVPs are accumulated at 
synapses of DA9 motor neuron 
where SVPs are unloaded from 
UNC-104, the location of 
synapses can be identified as 
strong bright spots lying 
around the axonal terminal 
regions while SVPs are 
identified as weak spots 
moving along the axon.  
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Fig. 5 Center positions of cargo vesicles transported by motors. (a) Kymograph of SVP 
transport, including a time interval in which a single SVP can be tracked though SVPs 
are crowded in the axon. (b) Example time course of the center position of an SVP in 
the DA9 neuron of a C. elegans worm (Hayashi et al. 2018a). There is a constant 
velocity segment (CVS) in which an SVP moves at a constant velocity (the yellow part). 
Long time courses have several CVSs, and sharp velocity changes are often observed in 
long time courses of in vivo cargo transport (c-d). (c) Example time course of the center 
position of an endosome in the dorsal root ganglion (DRG) neuron of a mouse (Hayashi 
et al. 2018b). (d) Example time course of the center position of a melanosome in the  
melanophore of a zebrafish (Hasegawa et al. 2019).  
  
 
 
19 
Fig. 6 Possible 
explanation on the 
velocity change in the 
time course of a cargo 
(Fig. 5). Our assumed 
model is presented. (a) 
Schematics of velocity 
change in in vivo cargo 
transport. A long time 
course has several 
constant velocity segments (CVSs). (b) Schematics of the in vivo force-velocity relation of 
kinesin (Hayashi et al. 2018b). The dotted line represents the Stokes relation (F=v) in the case 
that  is large where F, v, and  are force, velocity and friction coefficient of a cargo, 
respectively. When the number of motors carrying the cargo is changed, the velocity can be 
changed in this model.       
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Fig. 7 Force quantified by using the fluctuation unit (χ) (Eq. (3)). (a) χ as a function of t for 
WT C. elegans (left) and for the arl-8-deletion mutant C. elegans (right) (Hayashi et al. 2018a). 
40 SVPs were investigated for each case. χ converges to the constant value χ* as t becomes 
large. (b) The mean value of χ* is compared between WT and arl-8-deletion mutant C. elegans. 
In the right y-axis, the approximate force value is shown as a reference value, noting that χ* is 
converted to the force using the stall force value of UNC-104 dimer obtained in the single-
molecule experiment (Tomishige et al. 2002). The error-bars represent the standard error (n=40 
for each).    
  
 
 
21 
 
Fig. 8 Population of force producing units (FPUs) (Hayashi et al. 2018a). (a) From the discrete 
behaviour of χ in Fig. 7a, the population of each FPU was calculated. The population was 
investigated for WT C. elegans (n=40) (left) and for the arl-8-deletion mutant C. elegans 
(n=40) (right). (b) The mean number of FPUs is compared between WT (left) and arl-8-
deletion mutant C. elegans. In both cases, about two motors carry a cargo together on average. 
The error-bars represent the standard error (n=40 for each).    
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Fig. 9 Mean velocity at constant velocity 
segments (CVSs) (Hayashi et al. 2018a). The 
mean value for velocity is compared between 
WT (n=40) (left) and arl-8-deletion mutant C. 
elegans (n=40) (right). The error bars represent 
the standard error (n=40 for each).    
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Fig. 10 Fluorescence intensity (FI) of SVPs (Hayashi et al. 2018a). (a) The example 
fluorescence micrographs of SVPs. (FI)1/2 is proportional to the size of an SVP. The size of 
each SVP is different. (b) The distribution of FI for WT C. elegans (n=40) (left) and for the 
arl-8-deletion mutant C. elegans (n=40) (right). Although the data is noisy, the ranges of FI 
values do not show big difference between WT and mutant.  
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Fig. 11 Run length and run time of SVPs. (a) Definition (left) and schematic explanation (right) 
of run length and run time. The distributions of run length (b) and those of run time (c) are 
investigated for WT C. elegans (n=400 from 35 different worms (18 different experiments)) 
and the arl-8-deletion mutant C. elegans (n=400 from 28 different worms (7 different 
experiments)), respectively. Mean run length (d) and mean run time (e) are compared between 
WT and arl-8-deletion mutant C. elegans. The error-bars represent the standard error (n=400). 
Note that the mean values were obtained by averaging the 400 values shown in Fig. 11b and 
11c. 
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Fig. 12 Pause duration of SVPs (Niwa et al. 
2016). The definition of pause duration is 
described in Fig. 11a (left). Pause duration is 
compared between WT and arl-8-deletion 
mutant C. elegans. The error-bars represent the 
standard error (n=512 for WT, n=132 for the 
mutant). 
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Fig. 13 Anterograde current of SVPs (Niwa et al. 2016). 
Anterograde current is defined as the duration of 
anterograde run per second. Anterograde current is 
compared between WT and arl-8-deletion mutant C. 
elegans. The error-bars represent the standard error.  
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Fig. 14 Physical 
measurement on synapses. 
(a) Fluorescence 
micrographs of the DA9 
motor neurons in the cases 
of WT C. elegans (left) and 
the arl-8-deletion mutant C. 
elegans (right). (b) The 
distance from the cell body 
to the synaptic region is 
compared between WT and 
arl-8-deletion mutant C. 
elegans (n=10 for each). 
Note that the data was 
newly added for this review 
based on Ref. (Niwa et al. 
2016). The error-bars 
represent the standard error. 
(c) The distance between 
synaptic puncta is 
compared between WT and 
arl-8-deletion mutant C. 
elegans (Niwa et al. 2016).   
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